During the last decade, recombinant AAVs have become of increasing interest for gene therapy. Clinical trials have been conducted following promising in vivo evaluations, thus leading laboratories to adapt their production systems for larger and higher quality demands. Classical transfection protocols seem difficult and cumbersome to adapt to a bioreactor scale. The use of stable producer cells appears as an attractive alternative, as this system requires only a single infection step to induce rAAV production. Furthermore, the switch to a serum-free medium is an interesting strategy to increase the biosafety level to satisfy clinical grade requirements for gene therapy products. Here, we have combined both approaches and evaluated different rAAV producer clones in a serum-free medium. We first evaluated the cell growth in a serum-free medium and then did a partial optimisation of the medium composition to obtain vector yields as close as possible to the yields obtained in a classical serum containing medium. Different helper viruses, multiplicity of infection, times of infection and harvest have been compared in small scale cultures in order to determine the optimal settings which were then transferred and evaluated in suspension cultures in spinner flasks. The yields obtained in this system were similar to or at most 2 times lower than those obtained in a serum-containing medium. The scale-up of such a production system as well as the use of high cell density perfusion culture systems will probably lead to considerably higher yields than those obtained in a classical process.
Introduction
Adeno-associated virus is a small dependovirus without any pathogenicity in humans and its simple genomic organisation (2 open reading frames coding for regulation (rep) and structural (cap) functions, respectively) facilitates its use as a gene vector. Recombinant adeno-associated viruses (rAAV) are amongst others the most attractive vectors for gene therapy (Snyder 1999; Zhao et al. 2001) . They are able to transduce dividing as well as non dividing cells and are less immunogenic than other viral vectors. They can only replicate after induction with a helper virus (adenovirus or Herpes virus) (Leonard and Berns 1994) . Numerous in vivo studies have demonstrated their interest as vectors for efficient and long term gene transfer in muscle, liver, brain, eye… and they are currently used for clinical trials (Kay et al. 2000; Aitken et al. 2001) .
The perspectives for clinical applications (treatment of haemophilia, cystic fibrosis, myopathies…) imply the capability to produce lots in sufficient quantities and with a high quality to meet clinical requirements.
AAV vectors are commonly produced via transfection of adherently growing 293 cells (Matsushita et al. 1998; Salvetti et al. 1998; Xiao et al. 1998 ). This protocol is adequate for a pre-clinical research scale and for the screening of a large number of genes of interest. However this production system becomes cumbersome for clinical applications. In order to scale up the production size, the culture surface can be augmented in different ways: (a) the automation of transfection based processes in roller bottles (Liu et al. 2003) or the use of large surfaces such as provided by the CellCube (Brown et al. 1998) , (b) microcarriers that support high density growth of adherent cells (Griffiths 2001) , and (c) suspension cultures developed in bioreactors. Although a lot of improvements have been realised in order to develop protocols to transfect mammalian cells in suspension in a bioreactor, for the production of recombinant proteins (Meissner et al. 1999; Schlaeger and Christensen 1999; Wurm and Bernard 1999; Durocher et al. 2002) , these techniques cannot be easily adapted to the production of viral vectors.
Infection is more easily adaptable to large scale and suspension procedures than transfection. That is why several groups developed stable cells lines. Packaging cell lines harbour rep and cap genes of AAV whose expression is induced following a double infection (wtAd and rAAV/Ad hybrid virus) (Gao et al. 1998; Liu et al. 1999 ). These cells are used to generate producer cells containing the AAV vector. Viral vectors are then produced following a single infection step with a helper virus. 293 cells are not adequate to generate producer cells as they constitutively express the Ad E1 protein that activates AAV p5 promoter and expression of the large Rep proteins, which were shown to be toxic for the cells (Clark et al. 1995; Chadeuf et al. 2000; Neyns et al. 2001) . Thus, stable producer cells are classically based on HeLa cells (Clark et al. 1995; Chadeuf et al. 2000; Liu et al. 2000; Mathews et al. 2002) though 2 cell lines derived from A549 have also been described (Gao et al. 2002; Farson et al. 2004 ). More sophisticated producer cells have been constructed, with inducible systems, mainly in order to regulate large Rep proteins expression and attenuate the toxicity for the cells (Inoue and Russell 1998; Ogasawara et al. 1999; Okada et al. 2001; Mizukami et al. 2004) . Producer cells constitute an interesting alternative to transfection systems , they are known to produce similar titers as obtained with 293 transfected cells and many investigators have demonstrated that less rcAAV are generated with stable cell lines (Inoue and Russell 1998) . Nevertheless, this option implies the coproduction of wt adenoviral particles with rAAV and is also time consuming, requiring 2 cloning steps for each specific cell line.
An essential requirement for clinical grade vectors is a high quality and safety profile. It thus seems important to develop the use of serum free (SF) media (Cote et al. 1997) . Classical media are often complemented with fetal calf serum (FCS), which presents several disadvantages: animal origin, unknown and variable composition, potential source of adventitious agents… As opposed to that, SF media are free, or almost free, of animal derived components, their composition is often completely defined and their use greatly facilitates downstream processing. Moreover SF media are usually specifically developed for certain cell lines and are then really adapted for supporting their growth and this, often in suspension. Thus an SF environment supports the manufacturing of a safer final product under technologically simpler conditions.
For these reasons, we have chosen to develop a protocol to produce rAAV using producer cells cultivated in suspension in a serum free medium. This combination appeared to us as most adequate to meet quality, scalability and easiness of production. Several producer cells were available for this study and the first step has been their adaptation to an adequate serum-free medium. Different parameters like the production medium, helper viruses, multiplicity of infection (MOI), kinetics of infection and harvest, etc… have been studied and optimised in order to obtain vector yields as close as possible to those obtained with reference protocols (tri-transfection of 293 cells and producer cells in a serum complemented medium). Under SF optimised conditions, we obtained almost equivalent production yields, indicating that this approach is viable and is of potential interest for a large scale production.
Materials and methods

Cell lines
Three different producer cell lines were analysed. Two of them were generated in the laboratory of Ph. Moullier (Nantes, France) (Chadeuf et al. 2000; Tessier et al. 2001) . They were obtained following 2 cloning steps: the first one by cotransfecting a pRepCap2 plasmid, which contains the serotype 2 AAV rep-cap genome, and a plasmid containing the neomycin resistance gene into HeLa cells. The selected packaging cell line RC32 obtained was then transfected with either a pCMV-LacZ or a pSMD2-GFP plasmid to generate the stable producer clones: RC32LacZ, RC32GFP. Cells were maintained in DMEM (Cambrex) + 10% FCS (JRH Biosciences). Once adapted to SF medium, the cells were renamed RC32LacZSF and RC32GFPSF.
The third producer clone was generated by the HGTI (Harvard Medical School, Boston) (Mathews et al. 2002) . Cells were also derived from HeLa cells, by co-transfecting a pRepCap2 plasmid (with attenuated large Rep proteins expression) and a neomycin resistance plasmid. The integration of the transgene was realised by transducing the packaging cells with a rAAV-LacZ vector. ROS26Z9 were cultivated in DMEM + 10% FCS and were also adapted to SF medium (ROS26Z9SF).
The cells used to determine the infectious titer were 293, cultivated in DMEM + 10% FCS.
Plates or T-flasks were incubated at 37°C in a incubator (CO 2 -5%). Cells in spinner flasks (Techne) were agitated at 30 rpm and maintained at 37°C.
Adaptation to SF cultures
The producer cells were adapted to the HeLa SF medium (JRH Biosciences) either by direct or sequential weaning (from 10% to 5, 2.5, 1 and 0% FCS). Once adapted, they were passaged twice a week, centrifuged (900 rpm, 5 min) and seeded at 3 · 10 5 cells/ml, either in static conditions (6-wells plates or T-flasks) or in suspension (spinner flasks).
Viruses
Wild type adenovirus 5 (wtAd) was used to induce rAAV production. It was produced with 293 cells as previously described (Graham and Prevec 1991) . Alternatively, wtHSV and DPS Ad were also used to infect producer cells, they were kindly provided by Ph. Moullier ) and B. Massie (Oualikene et al. 2000) , respectively. An E1 deleted adenovirus was used for the vector titration. It was produced in Genethon in 293 cells as described before (Graham and Prevec 1991) .
Vector production
Cells were seeded in HeLa SF medium at a density of 5 · 10 5 cells/ml either in 6-wells plates (2 ml) or in spinner flasks (50 ml). On the following day, they were infected with wtAd (MOI = 35). SF medium was changed for DMEM 24 h postinfection via centrifugation. Cells were harvested 48 h post-infection, pelleted and stored at À20°C.
In the case of the use of DPS Ad, cells were treated as for wtAd.
Production of rAAV based on tri-transfection of 293 cells was realised using standard procedures (Drittanti et al. 2001) .
The following additives were tested: non essential amino acids (Gibco), chemically defined lipid concentrate (Gibco), trace element solutions 1 and 3 (ICN), MEM vitamins solution (JRH Biosciences). Their initial concentrations were 100 · and they were added at a final 1 · concentration.
Experiments were realised in duplicate or in triplicate when indicated, in the figures legend. They were reproduced at least twice. Standard deviation was calculated for each experiment and is represented on the graphs as error bars.
Titration
Cell pellets were thawed, resuspended in IMDM (JRH Biosciences) and lysed by 4 freeze/thaw cycles. After a quick centrifugation to pellet cell debris and 30 min inactivation at 56°C, the crude lysate was loaded on 293 cells in 6-wells plates (4 dilutions), in the presence of DE1Ad (MOI = 5). LFU (LacZ Forming Unit) titer was determined following fixation and X-Gal staining 20 h later (Drittanti et al. 2001) . TU (Transducing Units) for GFP expressing cells was measured with FACS analysis also 20 h after transduction. This titration method has a variability of 25-30% (n = 17).
Results
Three different producer cell lines were available for this study. However most experiments were realised only with one clone and the main results were subsequently validated with the other clones. Thus the results presented below concern RC32LacZSF yet they are also valid for RC32GFPSF and ROS26Z9.
Cells were easily adapted to growth in serum free (SF) medium
The adaptation to the HeLa SF medium (JRH) was performed directly for the RC32GFP clone and gradually (with sequential weaning steps from 10% to 5, 2.5, 1 and 0% FCS) for the lacZ clones. Growth kinetics have been realised in SF medium in order to check that it was adapted for these cells ( Figure 1 ). The growth rate was slightly lower (generation time = 38 h vs. 30 h) than in serum containing medium. After 4-5 days, cell densities beyond 2 · 10 6 cells/ml with a viability above 90% were obtained. Cells grew as a unicellular suspension in spinner flasks. We thus considered that the growth was satisfying enough to analyse AAV production.
The low vector yield in SF medium can be increased by using un-supplemented DMEM
The first results in SF medium indicated that this medium was insufficient to support vector production. However, the comparison to normal un-supplemented DMEM gave an interesting aspect (Figure 2a) . Depending on the time the medium was changed, we could significantly increase the vector titer. The best condition observed was to infect cells in SF medium and to replace it by DMEM 24 h later. We further investigated whether this positive effect was an artefact due to the centrifugation step or the addition of fresh medium (Figure 2b ). When SF medium was renewed 24 h after infection, the vector yield was still very low. When fresh DMEM was added to the SF medium, its effect was not as important as when it was completely replaced. Thus, it was established that the medium had to be changed 24 h post-infection. These results strongly suggested that DMEM was necessary and HeLa SF medium could interfere with its positive effect.
These results were first observed in 6-wells plates, under static conditions. We realised similar experiments in spinner flasks in order to check that this effect was independent of the culture vessel used (Figure 3 ). We observed a 10-fold increase in the titer when changing the SF medium to DMEM 24 h post-infection. Thus the medium requirements for optimal vector production seemed to be the same for suspension as for static cultures.
No further supplementation is necessary for an optimal DMEM effect
The previous results demonstrated the interest to use DMEM but we had no information about which component was precisely necessary for a Figure 1 . Growth kinetics during 7 days for 2 clones in static conditions in 6-wells plates (n) and in suspension in agitated spinner flasks (m). Cells were seeded at 3 · 10 5 cells/ml either in 6-wells plates or in spinner flasks (50 ml). They were counted daily during 1 week.
productive infection. We tried to identify which elements were critical for an optimal production and may lack in the SF medium. As it was impossible to know the precise composition of this commercial medium, we decided to investigate different additives: lipids, amino acids, trace elements or vitamins were added to the SF medium or to the DMEM (Figure 4 ), 24 h post-infection. Concerning the SF medium, no additive was able to increase the efficiency of this medium: the yield was still nearly zero. Regarding the DMEM, none of the supplements added was able to enhance the effect of the DMEM alone. Thus, these elements did not seem to be limiting for the vector production.
To complete the data on cell requirements for rAAV production, we evaluated the influence of the glucose concentration. Actually, in the classical Figure 2 . Vector titer of RC32LacZSF in SF medium or in DMEM. Cells were seeded in 6-wells plates in SF medium (5 · 10 5 cells/ml) and infected on the following day. The medium was changed or not, by centrifugation, for DMEM as described in the table below the graph. (a) The medium was not changed in (1); SF medium was replaced by DMEM at the time of infection (2-3) or 24 h later (4); DMEM was replaced by SF 24 h post-infection (3). (b) The medium was not changed in (1); SF was replaced by DMEM (2) or fresh SF (4) 24 h post-infection; DMEM was added to SF 24h post-infection (3). Each condition was realised in triplicate.
triple transfection protocol, glucose concentration is reduced (from 4.5 to 2.3 g/l) during the production phase in order to increase the final titer. We compared different glucose concentrations in the DMEM ( Figure 5 ) and observed similar yields in a range of 1-4.5 g/l glucose. At lower glucose concentration, the titer dropped significantly. These results indicate that the glucose was neither limiting nor inhibiting in DMEM but was necessary for vector production.
Finally, we investigated the role of calcium ions. The calcium concentration is classically reduced in serum-free media in order to avoid cell clumping. In the SF medium, it was only 8 mg/l, compared to 264 mg/l in DMEM. This difference could explain the decrease in vector yield. The comparison of SF and DMEM with or without calcium ( Figure 6) indicated that SF medium supplemented with CaCl 2 (to reach the same concentration as in DMEM) did not provide better results. On the other hand, when CaCl 2 was not present in DMEM, the vector titer decreased by 2-logs. These observations suggest that calcium was not a limiting element in the SF medium but was essential for an optimal production.
The use of a defective adenovirus can avoid the production of wtAd One of the major disadvantages of producer cell lines is the use of wtAd, which means a mixed production of rAAV particles and wt helper virus particles. We decided to evaluate the efficiency of a 0,0E+0 Figure 4 . Effect of different supplements on SF and DMEM media. Cells were seeded in 6-wells plates in SF medium (5 · 10 5 cells/ml) and infected on the following day. SF: The SF medium was complemented 24 h post-infection with non essential amino-acids, lipids, trace elements or vitamins (striated bars on the right: they are not apparent as their value is nearly zero). DMEM: The SF medium was changed 24 h postinfection for DMEM, alone or supplemented with non essential amino-acids, lipids, trace elements or vitamins (plain bars, on the left). Cells were harvested as described. Figure 3 . Effect of DMEM in spinner flasks. Cells were seeded in a 50 ml-spinner flask in SF medium (5 · 10 5 cells/ml) and cultured in suspension. They were infected on the following day. The medium was changed by centrifugation for DMEM 24 h later (DMEM 24-48 h) or not (SF). One spinner was seeded for each condition and the experiment was realised twice.
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replication defective adenovirus: a protease deleted adenovirus (DPSAd) (Oualikene et al. 2000) . We compared both helper viruses at different MOIs (Figure 7) . The optimal MOI for wtAd was 35, as already determined for producer cells cultivated in a serum supplemented medium (Tessier et al. 2001; Mathews et al. 2002) . Concerning DPSAd, optimal MOI was around 50 and the highest titer obtained was about 2 fold lower when compared to the use of wtAd (Figure 7 ).
Production and harvest kinetics
AAV production was analysed with respect to the optimal time to infect the cells with wtAd, change the medium and harvest the final pellet (Figure 8 ). Cells were grown during 5 days and this period comprised all phases of a batch culture, from the initial lag phase, over the exponential growth phase up to the stationary phase. The optimal time of harvest appeared to be independent of the time of infection. We observed that the titer tended to increase while the cells were in an advanced culture phase. This was probably due to the growing biomass. The optimal harvest time was between 48 h and 72 h after infection and 96 h appeared definitively too late for obtaining a reasonable rAAV titer. This decrease can be explained by a loss of vector into the supernatant due to extended cell lysis beyond 72 h post infection (data not shown). This phenomenon is probably limited in [Glucose] (g/L) LFU/well (6-wells plate) Figure 5 . Influence of glucose concentration in DMEM. Cells were seeded in 6-wells plates in SF medium (5 · 10 5 cells/ml) and infected on the following day. The SF medium was replaced 24 h post-infection by DMEM, with different concentrations of glucose. The glucose concentration range was realised by mixing DMEM with 4.5 g/l glucose and DMEM without glucose. Cells were harvested as described. Figure 6 . Influence of calcium concentration on vector yield. Cells were seeded in 6-wells plates in SF medium (5 · 10 5 cells/ml) and infected on the following day. When indicated, the SF medium was replaced 24 h post-infection by DMEM, with (basic concentration = 264 mg/ml) or without calcium. SF + CaCl 2 : SF medium was supplemented with 264 mg/ml CaCl 2 , 24 h post infection. static conditions and enhanced in suspension in spinner flasks. Actually, under suspension conditions, we measured the vector titer in the cell pellet as well as in the supernatant. We observed an increase of the vector titer in the supernatant with the time: 48 h post-infection, the ratio of vector in the supernatant to vector in the cell pellet was zero and increased to about 4% at 72 h. Harvesting beyond 72 h post-infection led to an important ratio of rAAV in the supernatant and, in general, to a loss of vector (data not shown).
The production protocol can be scaled up to a 100 ml spinner and is applicable to several producer clones
The protocol, developed and optimised in 6-wells plates, has been transferred to a spinner scale. Cells were seeded in the same way and the major difference was the agitation conditions as cells grew entirely in suspension. The vector yield, expressed as LFU per ml of culture, was the same under agitated and static conditions (Figure 9 ), indicating that a scale up is easy and that the cells behave similarly in plate and in spinner cultures.
This optimised protocol has also been applied to other clones in order to verify that it was valid for different producer cells. Another LacZ clone and a GFP producer clone were evaluated using the same optimised protocol (Table 1) . As for the RC32LasZSF cells, it was also necessary for these producer cells to switch from the SF medium to DMEM 24 h post infection in order to get to rAAV production. Thus, this phenomenon was not clone nor transgene dependent.
Comparison of the serum-free protocol to a classical serum-complemented process
In order to value the titer of SF clones, we compared the yields with those obtained with the same producer cells cultivated in a serum containing medium. Furthermore, it was interesting to refer to our traditional triple-transfection protocol using 293 cells (Table 2 ). Concerning the producer cells, we observed that the vector yields were maximally 2-3 fold lower under SF conditions than in classical serum supplemented method. Moreover, regarding the use of serum containing media, the 'reference' method utilising triple-transfection provided similar vector yields as the producer cells.
Discussion
Although, the traditional transfection approaches are widely used for the production of research but also clinical grade rAAV vectors, they are still hampered by a cumbersome and scale limited procedure. Even if transient transfection methods using 293 cells under SF conditions have been successfully transposed to a bioreactor scale for the production of recombinant proteins (Meissner et al. 1999; Schlaeger and Christensen 1999 wtAd ∆PSAd Figure 7 . Comparison of wtAd and AdDPS, as helper viruses. Cells were seeded in 6-wells plates in SF medium (5 · 10 5 cells/ml) and infected with the respective helper virus on the following day, as described in Materials and methods. MOIs tested were 10, 25, 35, 50 and 100. and Bernard 1999; Durocher et al. 2002) , they remain difficult to be considered for viral vectors production. In addition, under GMP conditions, for clinical applications, the transient transfection methods require the certification of several components (plasmid DNA, transfection reagents and cell lines) and it is known that these methods are associated with recombination events leading potentially to rcAAV (Inoue and Russell 1998) , which is a safety concern. Thus transfection independent methods are of high interest. In order to develop a process able to satisfy clinical grade and scale requirements, we evaluated the growth and production potential of rAAV producer cell lines in a SF medium. On one hand, as already demonstrated (Gao et al. 1998; Liu et al. 1999; Liu et al. 2000; Chadeuf et al. 2000; Gao et al. 2002) , the single infection step with an helper virus to induce rAAV production is easier to scale up and on the other hand, the use of serum free medium greatly improves the bio-safety profile of the final product.
Three different producer clones, generated in 2 different labs (Chadeuf et al. 2000; Mathews et al., 2002) , were available for the present evaluation Day of infection after seeding TU/well (6-wells plate)
Harvest 48h
Harvest 72h
Harvest 96h Figure 8 . Evaluation of wtAd. RC32GFPSF were seeded in 6-wells plates in SF medium (5 · 10 5 cells/ml) at day 0. They were infected on day 1, 2, 3, 4 or 5. The medium was changed for DMEM 24 h post-infection. Cells were harvested 48 h or 72 h or 96 h after infection.
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Harvest post-infection LFU/mL (culture volume) Figure 9 . Scale up from 6-wells plates to a 100 ml spinner flasks. Cells were seeded in 6-wells plates and in a 100 ml spinner, in SF medium (5 · 10 5 cells/ml). They were infected on the following day. The medium was changed for DMEM 24 h postinfection. Cell suspension was harvested 48 h post infection. Results were calculated per volume of culture. Standard deviation is not represented for spinner results because only one spinner was seeded per experiment. and showed similar behaviour. They were adapted to a commercial serum free medium (HeLa SF medium from JRH Biosciences), specifically developed for suspension growth of HeLa cells and which was also appropriate for our HeLa derived clones. Cells grew in a single cell suspension in static as well as in agitated cultures, with a satisfying doubling time (38 h). However, the medium was apparently not compatible with acceptable rAAV production. Nevertheless it was possible to restore vector production by replacing the SF medium by unsupplemented DMEM 24 h after infection. This positive effect was specific for DMEM and not due to the centrifugation step or the addition of fresh medium to the culture. Moreover, the optimal time to change the medium was evaluated at 24 h postinfection.
We hypothesised that the SF medium was limiting for vector production either because of the lack of some essential or the presence of inhibiting components. We investigated a potential deficiency but could not identify any substance (amino acids, vitamins, lipids or trace elements) which was able to improve the SF medium or enhance the DMEM effect. In addition, the comparison with other basal media of known composition did not allow the identification of any critical parameter for viral production (data not shown). Otherwise, we observed that the glucose concentration of the DMEM was adequate in a range of 1-4.5 g/l. On another hand, calcium was demonstrated to be necessary but not sufficient for vector production. Actually, the unknown composition of the SF medium did not allow us to precisely investigate specific medium components and explain why the DMEM was more adequate for vector production than SF medium. We were only able to outline some important elements like glucose or calcium.
We also studied the vector production kinetics in order to define optimal times for adenoviral infection and harvest. The vector titer was not influenced by the culture phases (thus it is independent of the physiological state of the cells) up to 5 days after seeding. This was not observed with similar producer cells in classical serum complemented medium: vector titer is stable for cells cultivated during 24 h before infection but dramatically drops beyond 48 h. As for the classical triple transfection method, the optimal harvest time was 48-72 h after induction of rAAV production. Beyond this time, we observed an enhanced mortality in the culture supernatant due to an advanced cytopathic effect of the wtAd. This resulted in an increased proportion of the vector loss in the supernatant. This phenomenon was more pronounced under agitated conditions, due to shear forces.
One of the limitations for the use of producer cells is the co-production of wt viral particles (Clark et al. 1995) . This implies a downstream processing procedure able to remove contaminating viral particles and proteins. It thus seemed preferable to use replication-defective helper viruses. A protease deleted adenovirus (Oualikene et al. 2000) was evaluated and appeared less efficient than wtAd (2-fold). Despite this titer reduction, its use is of potential interest because no infectious adenoviral particles were detectable although viral proteins were present in the crude lysate (data not shown).
Wild type HSV is another efficient helper virus for rAAV production (Weindler and Heilbronn 1991) . Some advantages of its use are a quicker production (the production peak is observed around 24 h instead of 48 h post-infection) and a lower optimal MOI (5), when compared to adenovirus . Although under SF conditions, similar kinetics and rAAV yields as under serum-containing conditions were obtained (data not shown), studies with wtHSV were discontinued due to the potential risk linked to contaminating wtHSV particles in the final product (safety concern). The protocol developed was scaled up to a 100 ml spinner flask. We demonstrated that it was Producer cells were seeded, infected and harvested following the same protocol described in Materials and methods. The tripletransfection protocol for 293 cells is also described in Materials and methods.
not specific for the producer clone studied: on one hand, it was applicable to LacZ and GFP producer cells established and cloned under the same conditions (Chadeuf et al. 2000) . On the other hand, it was also reproducible for another producer cell line generated in another lab and following another cloning protocol (the main difference relies on the second cloning step which was realised by transfection for RC32-cells (Chadeuf et al. 2000) and transduction of rAAV for ROS26SZ9 cells (Mathews et al. 2002) . Moreover, even if the titers seemed rather low, with our titration protocol, we obtained greatly similar yields for the cells cultivated in the SF medium or FCS complemented DMEM. As our major aim was to evaluate rAAV production in a SF medium and establish a protocol transferable to a larger scale, we did not further investigate in order to explain the effect of DMEM on rAAV production. The most important result from this study was to demonstrate the feasibility to produce AAV vectors in a serum-free environment. However, this is not the first study on the use of SF media for the production of AAV vectors. The first publication concerned a transfection protocol (Smith et al. 2003 ) which does not seem scaleable. Recently, Farson et al (2004) realised an interesting work with A549 derived producer cells in SF medium, cultivated up to a 15 l scale reactor. Although the scale-up was promising, no information on the SF medium was provided (composition, manufacturer…).
Therefore we consider that the present study is the first one which gives all essential details for establishing the production of rAAV using producer cell lines under serum-free conditions. Despite the demonstrated scale up is limited to a 100 ml spinner flask, it can reasonably be expected to easily transfer the protocol to a small scale bioreactor. The main potential issue concerns the medium change 24 h post-infection to replace HeLa SF medium by the un-supplemented DMEM. Equipments such as the continuous centrifuge ''Centritech'' (Gro¨nvik et al. 1989) or the ultrasound retention device from Applicon (Trampler et al. 1994) can be considered here. Moreover the use of such a perfusion system is also the base for the development of high density cultures. Actually, the increase of the production titer can be performed either by a classical scale up of the reactor size, or by increasing the culture cell density. A higher cell density would then lead to a higher and improved volumetric productivity.
In conclusion, we have developed an AAV vectors production protocol using producer cells in a SF environment, which is as efficient as the same production system using a serum supplemented medium. Moreover, in our hands the vector production with these stable cell lines is equivalent to our reference protocol based on the triple transfection of 293 cells. In addition, this present infection based protocol has a much more promising scale-up potential than transfection methods. Although only a 100 ml spinner scale was studied for the moment, scale-up to a laboratory scale reactor is straight forward and only a question of some additional optimisation work.
